Abstract-The integrated starter-generator system (ISGS) is a combination of starter and generator for independent power systems in transportation. It replaces both a conventional starter and generator with a single set of highly integrated devices. A power hardware in the loop simulation that is flexible and can include the hardware under test is used to test the ISGS under representative field conditions. This paper utilizes the special structure of the ISGS and proposes an ISGS emulator (ISGSE) to develop and test the converter. The proposed ISGSE can be used to test a variety of motor drives or rectifiers including dynamic capabilities without necessitating a connection to a large motor load. To emulate the ISGS, the structure and operation principle in different modes are introduced in detail. Also, the issue of stability and accuracy is discussed in this paper. Detailed simulation and experimental comparisons are carried out between the ISGS and the ISGSE, which validates the proposed ISGSE as an effective tool for designing and testing new motor drives.
Design of Power Hardware-in-the-Loop Simulations for Integrated Starter-Generator Systems I. INTRODUCTION P RESENT transportation systems have been developed over the past century and impact us in multiple ways every day. However, much of the transportation sector (ground, naval, and air) runs on petroleum and contributes to global air pollution [1] . Thus, the development of energy-efficient and environment-friendly transportation alternatives is expected to have multiple benefits. More-electric and all-electric transportation systems are becoming more common, with several electrical vehicles (EV) and hybrid EV (HEV) available today [2] , as well as more electric aircraft (MEA).
For HEV and MEA, mechanical engine is still the main propulsion source. But the application of power electronics converter can help to improve the controllability and efficiency. In the engine starting mode, a motor and its controller is used to start the engine. When the engine is working stably, a generator and its controller is used to transfer the power to provide for the secondary electrical power in the vehicle/aircraft, shown in Fig. 1(a) . A good representative is the integrated starter-generator system (ISGS), with a common motor-starter controller (CMSC) as the core component, shown in Fig. 1(b) . CMSC works as a motor controller in starting mode to drive the electrical machine to start the engine and works as a rectifier for the electrical machine in generation mode to supply power to the load. The electrical machine can work as an integrated starter generator (ISG). Compared with conventional solution which needs separate starter motor controller and a rectifier for power conversion, CMSC combines the function of starter controller and rectifier in a common power electronics drive and improves the power density and integration.
In the development of HEV and MEA, the ISGS is a key technology to help reduce fuel consumption and improve efficiency. The challenge of reducing consumption and improving efficiency is promoting optimized and novel vehicle powertrain architectures that combine the traditional internal combustion engine (ICE) with various forms of electric drives [3] . According to the requirements of its ICE and the vehicle's electric system, different types of electric machines come into operation as an ISG, such as asynchronous induction machine, permanent magnet synchronous machine (PMSM), brushless dc machine, and variable reluctance machine [4] [5] [6] [7] . Different control methods are proposed for different ISGSs [8] [9] [10] . No matter how different the ISGs and control methods are, the topologies and operations of the ISGSs are basically similar. Fig. 2 shows a simple structure of the ISGS, where the ISGS performs both engine cranking and battery charging for modern automobiles [11] . The ISG is driven by a power converter whose power supply is an automotive battery when engine is cranking. When the engine is started and takes charge of propulsion, the ISG begins to act as a generator. At this moment, the engine works at an optimum operating point and delivers the excess energy to the automotive battery through the ISG and power converter.
Since the ISGS plays an important role in the future transportation vehicles, the power converter's dynamic and steady performance is critical to normal operation of these vehicles. The converters can be tested with real electrical machine with dynamometers, shown in Fig. 3(a) . Several literatures have illustrated the feasibility of this scheme and built a set of back-to-back dynamometers for machine testing [12] [13] [14] [15] . A properly designed test bench is proposed for emulation of mechanical loads or rotation inertia. In these cases, load machines are usually controlled by well-designed converters and act as generators. Generally, back-to-back dynamometers can be efficient. However, building different dynamometers for different machines is difficult and costly to test power converters. Also, it will have multiple mechanical influences which could be unnecessary for power converter tests. It is not easy to install the ISGS with an engine because of the large installation space. Another approach is to test the converter with an emulator, or "power hardware in the loop" (PHIL) system, as shown in Fig. 3(b) . PHIL simulation can be utilized to test power converters to solve the aforementioned issues. PHIL simulation is an advanced testing technology that is widely used for grid emulator, PV-inverter emulation, drive inverter emulator, and battery emulator.
The design of a PHIL simulation system is based on the hybrid configuration of software (simulation) and hardware (physically connected) and on their interfacing through digital and analog input-output signals [16] . A PHIL simulation system is composed of three parts: hardware under test, power amplifier (PA), and virtually simulated system (VSS) [17] . Fig. 4 is a simple structure of a PHIL simulation. The current measured from hardware is sent back to the VSS and the voltage reference calculated by the VSS is applied to the actual hardware through a PA. This is a typical current type ideal transformer model (ITM). There are several interface algorithms (IAs) discussed in [18] [19] [20] , such as partial circuit duplication, damping impedance method, timevariant first-order approximation, and transmission line model. Different types of IAs have different accuracy and stability. ITM is an easy-to-implement algorithm with good accuracy and stability.
To realize such kind of system can significantly simplify the testing for the power converter by eliminating the need for a mechanical testbed. However, to realize this technology includes several tasks, including digital implementation of the machine model in the emulator, system stability and accuracy, and experimental validation. These works will be systematically presented in this paper. This paper is organized in the following way. Section II gives the structure and operation principal of ISGS emulator (ISGSE). Section III discusses the model implemented digitally. Section IV illustrates the issue of stability and accuracy. Section V provides a detailed experimental verification and Section VI states the conclusion.
II. STRUCTURE AND OPERATION PRINCIPAL
In the ISGSs, the role of the power converters is critical. The ISG functions as a motor, while starting the automotive vehicle. It means that power flows from the automotive battery to the ISG through the power converter. Once the automotive vehicle is started, the ISG becomes a generator. It means that the power flows from the ISG to the automotive battery through the power converter. The power converter controls the direction of energy flow. In order to test the power converter, the ISG can be replaced by a new power converter, which is controlled by software. The new power converter is called an integrated starter-generator emulator (ISGE), which is shown with the architecture in Fig. 5 . Fig. 5 shows the structure of the ISGSE in which the converter under test (CUT) functions as a motor driver or rectifier in the system and the other converter is the motor or generator emulator (GE). The two converters are sharing the same dc source and the ac sides are connected through a three-phase inductance. A common-mode choke is used for zero-sequence current suppression. The operation principle of ISGSE is similar to that of ISGS. In order to emulate the ISGS, ISGE will act as a motor emulator (ME), while emulating the process of starting. Power flows from CUT to the ISGE and finally feeds back to the dc source. However, when emulating the process of generating, CUT will act as a GE. At this moment, power flows in the opposite direction. What the two processes have in common is that energy eventually feeds back to the dc source. Thus, the power loss of the whole system is small when compared with the total power flow emulated. The whole system can emulate a high-power system with this small loss compensated by an external power supply. In this paper, the ISGSE will be used to emulate the characteristics of the ISGS based on PMSM. 
A. Motor Emulator
Compared to the IAs in Section I, the ITM shows greater advantages in stability, accuracy, and complexity between those IAs. Fig. 6 shows the diagram of the ME implemented with a current-type ITM. The hardware side of the ME is a controlled current source whose voltages are fed back to the software side to calculate the current references. A motor model under dq coordinates is established and the PA is controlled under dq coordinates. Machine parameters are considered to be constant and variations of dq-inductance and stator resistance because of saturation or temperature are not taken into consideration in this paper. More accurate machine model can be established by finite-element method and implemented in the real-time processor. Zou et al. [21] have established an accurate machine model by taking variations of dq-inductance into account. The same method can be applied in the future work. Fig. 7 shows the control diagram of the ME. In the diagram, L f is filter inductance and R f is its resistance. A motor model implemented in the software calculates the references of currents in dq coordinates. The inputs of the motor model are three-phase voltages sampled in real time. Closed-loop control is applied to make the actual currents of the emulator track the current references provided by the motor model. If the current references calculated by motor model are consistent with the real machine and the actual currents of the emulator are able to track the references under the same states, the emulator can be taken as the representation of a real motor for the purposes of testing a motor drive. How to make the emulator has the capability to track the references of currents is illustrated in Section III.
B. Generator Emulator
Current-type ITM IA is utilized to implement the ME. In general, the generator is a voltage source in a system. Thus, it is reasonable to implement a generator with voltage-type ITM. Kaarthik et al. [22] have implemented a permanent magnet synchronous generator emulator in this way. A capacitor that is a compliance element is applied to solve the causality problem and initial condition. The usage of the capacitor adds another state to the system and a set of differential equations for the emulator to calculate terminal voltages. However, the introduction of capacitance is at the expense of accuracy. Yang et al. [23] have implemented the windingexcitation synchronous generator emulator with voltage-type ITM. The problems above are solved by introducing new state variables, d-axis and q-axis transient back electromotive force (EMF). However, it would be unrealistic for PMSM due to the invariance of permanent magnet flux. Its back EMF is almost proportional to the rotor speed without considering saturation. There is another possibility that differential current is calculated through two-sampled points of currents and then terminal voltages are calculated. However, the condition of stability is related to time step, source impedance, and load impedance [24] . The system would become unstable as load impedance changes. Besides, this method would be sensitive to noise due the minor time step.
Considering the limitations of the above methods, a currenttype ITM can be applied to implement the GE. The difference between ME and GE is the model implemented in software, which will be illustrated in Section III. The structure and control methods of GE are the same with ME.
C. Operation Principal
Sections II-A and II-B have illustrated the structure of the ISGSE and control methods of ISGE. CUT plays a significant role in the original system. It functions as a motor driver when starting the automotive vehicle and as a rectifier when generating. The converter tested should behave in the same way when it is tested by the ISGE. Fig. 8 shows a control diagram of converter tested when starting the vehicle. The method where d-axis current is controlled to zero is widely used in the field of PMSM control. The mechanical angle and rotor speed in the diagram are obtained from the discrete machine model as is shown in the Fig. 7 .
Due to the fact that the speed of the PMSM is determined by the vehicle when generating, the situation will differ from the starting mode slightly. Comparing with the control method of motoring, the speed control loop is removed in the control scheme of rectifier. Therefore, the reference of the q-axis current depends on the external power required without considering the voltage fluctuation of the vehicle's battery.
III. ISSUE OF STABILITY AND ACCURACY
Section II has illustrated the operation principle of ISGSE and the control schemes of the ME and the GE. In the control scheme of CUT, there is an outer loop of speed control and an inner loop of dq-axis current control. However, the ME is modeled as a current source, which means that there is a current control loop in order to control the emulator. A similar situation happens in the control scheme of the GE. Thus, it will lead to instability of the whole system if the bandwidth of the two current loops is close. A real machine is able to response to the input voltages instantly. But the emulator has to respond to input voltages through a current control loop. It is impossible for power electronic converters to improve the bandwidth indefinitely. What is more, it is unknown how the bandwidth of the emulator affects the whole system. This section will provide additional insight into these issues. Table I shows the main parameters of test bench and machine for analysis and experiment later. Fig. 8 shows the control diagram of CUT. Several articles have illustrated the control method for a PMSM [19] . It is vital to design the current inner loop and speed outer loop of the system. In general, the PI controller in the current inner loop is designed to cancel the pole introduced by the d-axis or q-axis inductance. The transfer function of the PI controller in q-axis can be expressed as follows:
A. Current Loop Design of Pmsm Controller
where ω c1 is the cutoff frequency of the current loop. The design of the current loop in d-axis is the same as the method mentioned above. Due to the fact that the cutoff frequency of current inner loop is much higher than that of speed, the gain of current loop is thought of as unit gain when designing the speed controller. Thus, the transfer function of the speed controller designed is expressed as follows:
The same method will be applied to the design of the current control loop when the PMSM is generating. The above method is common and convenient for the control of PMSM. And here takes the method as an example to compare the actual system with the ISGSE. Fig. 9 presents the block diagram of the q-axis current control in the ISGE. G 3 (s) is the transfer function of the filter inductance and G 4 (s) is the transfer function of the current sampling loop. In the physical side, a time delay T s2 is considered because the sampling and control calculations will consume a certain time. A time delay T s2 /2 is caused by the symmetrically sampled modulation, where T s2 is the switching cycle of the ISGE
B. Current Loop Design of Isge
where T f is the equivalent time constant of the current-loop filter and its value is 9.952 μs. The i qc is the current calculated by the mathematical model of PMSM. The i d f 2 and i q f 2 are (5)- (7). In addition, (7) is the simplified transfer function of (6) with the pure time delay replaced by a first-order filter
where ω c2 is the cutoff frequency of current-loop of ISGE.
The current-loop bandwidth should be carefully designed to ensure stability and accuracy.
C. Issue of Stability and Accuracy
Sections III-A and III-B have illustrated the design method of CUT and the machine emulator. However, the difference between a real machine and an emulator is that the bandwidth of the emulator is finite. Besides, it is unclear that what effect it will exert on the dynamic behavior compared with the original system. Fig. 10 is the block diagram of the ISGSE with its control system. Here takes the transfer function of q-axis to analyze function of q-axis current from the perspective of the motor controller is presented as follows:
The transfer function above is presented to describe the characteristics of the ISGSE. In addition, the current-loop bandwidth of the ISGE can be adjusted and can have an effect on the whole system, which will make it different from the original system expected. Thus, the current-loop bandwidth of CUT in the ISGSE is compared to that in the original system. The open-loop transfer function of the original system's q-axis 
Fig . 11 shows the bode diagram of the current loop of CUT in the original system and ISGSE. When the current-loop bandwidth of ISGE increases, the current-loop bandwidth of CUT in ISGSE increases and gets closer to the current-loop bandwidth of CUT in the original system. Also, current-loop bandwidth of CUT in ISGSE is consistent with that in the original system when current-loop bandwidth of ISGE is more than twice current-loop bandwidth of CUT. However, the phase margin of the current-loop bandwidth of CUT in ISGSE increases and gets closer to that in original system when the current-loop bandwidth of ISGE increases. Thus, in order to ensure the stability and accuracy, current-loop bandwidth of ISGE should be much larger than that of CUT.
IV. EXPERIMENTAL VALIDATION
Sections I-III have illustrated the structure and operation principle of the ISGSE and consideration of stability and accuracy issues. It shows that it is feasible to set up the ISGSE for experimental testing. The hardware platforms of the ISGSE and test bench are built to validate the proposed ISGSE. Fig. 12(a) shows the hardware configuration of ISGSE, which includes a dc power supply, a control board with Texas Instrument DSP TMS320F28335, a set of three-phase inductors, and a common-mode choke. Fig. 12(b) shows the real test bench, in which a machine represents the starter/generator and another represents the prime mover. 
A. Dynamic Test
In order to verify the effectiveness of the emulator of the PMSM, experiments of motor mode and generator mode are conducted and are compared with the experimental results of the real test bench. In the experiments, CUT is configured with the same parameters and load torque for comparison. According to Section III, current-loop bandwidth of CUT is designed to be 350 Hz and current-loop bandwidth of the ISGE is designed to be 1100 Hz.
During the process of starting the vehicle, the ISG acts as a motor and the ISGE acts as an ME. Since ISG needs to provide a high starting torque to bring the cold engine up to the required minimum operating speed [11] , a large resistance torque is applied. The process has tested the performance of acceleration, deceleration, and speed step. The configuration and instructions of CUT are the same for comparison. Fig. 13(a) shows the speed response of ISG in the test bench and Fig. 13(b) shows the speed response of ISGE in the ISGSE. The speed respond of ISG in test bench is consistent with that of ISGE in ISGSE. They started from 0 to 600 rpm with large resistance torque of about 20.0 nm in about 0.3 s. Fig. 14 compares line-to-line voltage and three-phase current of CUT between test bench and ISGSE in starter mode. Lineto-line voltages of CUT in test bench and ISGSE are filtered by the same digital filter. Fig. 14(a1)-(a3) and (b1)-(b3) shows the details of line-to-line voltages and three-phase currents when they are in acceleration and steady state of 600 and 800 rpm. Fig. 15 compares the d-axis current and q-axis current of CUT between test bench and ISGSE in starter mode. The q-axis currents of CUT in test bench and ISGSE increase rapidly and enter steady state of 30.0 A. Also, q-axis currents of CUT in test bench and ISGSE have the same response when a speed step happens. D-axis currents of CUT in test bench and ISGSE are controlled to zero all the time. Fig. 16 compare the line-to-line voltages and three-phase currents of CUT in test bench and ISGSE when speed steps from 600 to 800 rpm and Fig. 17 compares these data when speed steps from 800 to 600 rpm. Results show that fundamental dynamic characteristics and performance of CUT in ISGSE are the same with that in an actual test bench from speed response, line-to-line voltages, three-phase currents, and The experiments above compare the fundamental behavior and performance of CUT in test bench and ISGSE for validation of ISGE in starter mode. During the process of generating, ISGE acts as a GE and CUT acts as a rectifier. As has been illustrated above, the speed of generator is determined by the external mechanical system when the vehicle is in normal operation. Dq-axis currents of CUT are determined by the external power that is needed. It depends on the actual situation. The virtual speed of the ISGE in generator mode is 1200 rpm in the experiment. Fig. 18 compares line-to-line voltages and three-phase currents of CUT in test bench and ISGSE in generator mode. Fig. 18(a1) and (a2) and (b1) and (b2) shows the details of line-to-line voltages and three-phase currents when they are in the steady state. The experiments have compared ISGSE with an actual test bench when it is in starter and generator mode. The fundamental behavior and performance of CUT in the test bench is consistent with that in ISGSE. It is feasible to replace an actual ISG with an ISGE without changing fundamental electrical characteristics of ISG. From this point, ISGSE can well emulate the process of starting and generating and perform the task of testing a converter. However, there is an upper limitation on virtual speed of the machine emulator, which depends on the actual situation. Section III has analyzed the effect that the current-loop bandwidth of ISGE has on whole system. Current-loop bandwidth of ISGE should be higher than that of CUT. Generally, it is an effective way to improve current-loop bandwidth of ISGE by improving its switching frequency. Thus, switching frequency of ISGE should be higher than that of CUT for normal test. However, switching frequency of ISGE is usually limited by actual power electronic device and real-time processor, which actually limits switching frequency of CUT. Considering the switching frequency of CUT, there is an upper limitation for speed of machine because enough sampling points should be guaranteed for normal operation. Eventually, switching frequency of CUT and ISGE is set to 5 and 20 kHz in the experiment, respectively.
B. Bandwidth Comparison
Section III has analyzed the impact that the current-loop bandwidth of ISGE has on the whole system. Experiments are also carried out to validate the analysis. Fig. 22 shows the bode diagram of current-loop of CUT in ISGSE. Current-loop bandwidth of CUT is set to 350 Hz, while the current-loop bandwidth of ISGE varies from 700 to 1200 Hz. The bandwidth of current loop of CUT in ISGSE has a small change when the bandwidth of the ISGE increases from 700 to 1200 Hz because current-loop bandwidth of ISGE is more than twice current-loop bandwidth of CUT. However, phase margin of current-loop bandwidth of CUT in ISGSE increases as current-loop bandwidth of ISGE increases and is closer to original system. The results of the experiment are consistent with analysis in Section III, which aid the design of an appropriate machine emulator.
C. Power Loss and Emulating Capacity
Section II has illustrated the structure of the ISGSE in detail. An advantage of this structure is that the ISGSE can emulate high-power systems with fairly low-power consumption. The main loss of this system is the loss on the semiconductor devices including switching loss and conduction loss and on the resistance of filter inductance. The actual power loss is relatively low when compared with the emulating capacity. Fig. 23 shows a group of data that illustrates the relationship between actual power loss and emulating capacity under different speed and different loads. The ISGSE is in the starter mode when speed is below 800 rpm and in the generator mode when speed is above 800 rpm. The emulating capacity changes with different speed and different loads. From Fig. 23 , power loss of the whole system increases as emulating capacity increases. However, emulating capacity is much higher than the power loss, especially when the speed is high. It indicates that great energy will be consumed in the original system to test the converter, but the ISGSE can complete the task by compensating just a little power loss in the converter. This is one of the primary advantages of the ISGSE.
V. CONCLUSION
This paper has proposed an ISGSE for transportation electrification applications. The main objective of this paper is the approach for the design of the ISGSE. First, this paper has presented the structure and operation principle of the ISGSE. Two voltage-source inverters with shared dc bus and interconnected ac impedance are used for the starter/GE. With this architecture, the power converter for the starter/generator control can be tested without using a real machine and dynamometer. On this basis, this paper has illustrated the numerical algorithms of the PMSM model and limitations of numerical calculation. The key point of this paper is to investigate the impact that the current-loop bandwidth of the two converters has on the whole system and implement a current-type GE. Finally, experiments are conducted to validate the ISGSE proposed. The results of the experiment have demonstrated the effectiveness of the ISGSE proposed. In addition, the advantage of the structure proposed is that the ISGSE is able to test the converter with only small power consumption. As a universal platform, ISGSE can be utilized to emulate different ISGSs with different types of ISGs. The ISGSE proposed has the capability of testing converters in the actual application.
